IwraODUCnON
"Woolsorter's disease," or inhalation anthrax, was a serious problem in Europe in the latter part of the 19th century; at least several hundred cases were reported, with an associated high fatality rate. Governmental inquiries conducted in different countries (9, 10, 15, 17) resulted in a series of effective control regulations, including the establishment in Liverpool of a disinfection station (14) , where all "dangerous wool and goat hair" had to be decontaminated before being further processed in England.
In the United States, however, inhalation anthrax has never been a serious problem, although workers have routinely been exposed to naturally occurring aerosols while processing imported wool, goat hair, and hides. Since 1900, there have been fewer than 20 cases of inhalation anthrax reported in the United States (13) ; approximately half of these occurred among individuals with only fleeting contact with materials known to be contaminated. The only reported epidemic of the disease in this country occurred in 1957 among employees at a goat-hair processing mill in Manchester, N.H. (6, 13) . Five individuals developed inhalation anthrax over a 10-week period, with four fatalities. Other cases since 1957 have involved a laboratory employee who was accidentally exposed, a secretary in a goat-hair processing mill who entered a highly contaminated area for only a brief moment, and a 27-year-old man with quiescent Boeck's sarcoidosis whose only known contact was in passing the open receiving door of a tannery on his way home from work (7) .
It is not clear why more cases have not occurred in goat-hair and woolen mills and in tanneries, especially among employees working in the dustiest areas where the most concentrated Bacillus anthracis-containing aerosols are created. It may be that the dose to which employees are exposed is below the infecting dose for man, or that employees have developed resistance from chronic exposure. It is conceivable that cases have occurred that were not properly diagnosed.
Equally unusual has been the sporadic occurrence of cases in people with no industrial exposure. It may be that these individuals are unusually susceptible, as may have been the case with the individual with Boeck's sarcoidosis. More specific information about inhalation anthrax in man is currently difficult to obtain because almost all workers in the high-risk industries within the United States have been immunized (8) .
Significant data related to the pathogenesis of the disease and the dose-response relationships have been reported on the basis of animal studies conducted in both this and other countries (1, 2, 4, 16, 19 bined animal exposure chamber and laboratory and was subsequently located at a mill in South Carolina (Fig. 1 ). This mill processes goat hair, imported mainly from India and Pakistan, into a woven hair-cloth interlining for suit coats. There were approximately 250 employees, all of whom had been immunized with the Wright anthrax antigen (8) . Prior to immunization, 19 cases of cutaneous anthrax had been reported during the 2.5 years the mill had been in operation. Inhalation anthrax had never been reported at this mill. The aerosol for animal exposure was created around the picking machine, the first machine in the processing cycle, where the clumps of hair were raked apart. The mill usually worked 8 hr a day and 5 days a week, but the picking machine was in operation intermittently during the working day for a total operational time of from 2 to 4 hr. Plastic conduits located in a hood over the picking machine and a suction fan were installed to carry the aerosol from the mill through the 18,000-t5,000- animal exposure chamber and back again to the mill (Fig. 1, bottom) . A "T" connection made it possible to bring in outside air when the animals were not being exposed to mill air. The trailer was completely self-sufficient except for water and electricity. As a result of experiences at Fort Detrick, the cynomolgus monkey was selected as the test animal. Preconditioned 3-lb monkeys imported from Asia were used in all runs. All monkeys were tuberculin-negative; if necessary, they were treated for respiratory disease and parasites but not less than 7 days prior to exposure. The monkeys were grouped two or three to a cage and fed a standard diet, fresh fruit, and water ad libitum. The temperature in the exposure area was controlled between 22 and 33 C. Monkeys were bled for serological studies before they entered the trailer, at intervals during the exposure period, and at the termination of exposure in the case of survivors. Monkeys were observed at least three RUN particles refers to those particles less than 5 ,u in diameter.) There were five separate exposure periods extending over 18 months. Because of inadequate preconditioning of the monkeys, difficulties with the environmental control within the exposure chamber, and deficiencies in the collection of air samples and serum specimens, the data from the first two runs were considered to be inadequate for analysis. These technical problems were corrected by changes in the trailer set-up and protocol. The remainder of this discussion will deal with the data developed from the third, fourth, and fifth runs. In the third and fourth runs, the animals were exposed constantly during the working day, regardless of whether the picking machine was in operation, and air samples were collected continuously during this exposure. During the fifth run, exposure was limited to the periods when selected bales of goat hair were actually being picked.
REsULTs
During the third run, 32 monkeys were exposed during 47 consecutive days; 12 of them died of anthrax between the 15th and the 46th day of exposure (Fig. 2, 3 The most consistent pathological findings in anthrax-positive monkeys were mediastinal edema, pleural effusion, enlarged hemorrhagic mediastinal lymph nodes, and enlarged, soft spleens. In four instances, gross hemorrhagic meningitis was observed. B. anthracis was recovered on culture from all but three infected animals: a sacrificed animal with an early infection, the monkey in which anthrax was considered a contributory cause of death, and a monkey from which the plates prepared at autopsy were heavily overgrown with Proteus sp. There was no gross evidence of primary cutaneous or gastrointestinal anthrax, and there were no lesions associated with the oral cavity, including the tonsils.
Histological examination of the tissues showed that infection was largely limited to the reticuloendothelial system, though there was always widespread dissemination of the bacilli through the vascular system at the time of death (Table 3) . Tissue response was primarily that of edema, hemorrhage, and necrosis. The mediastinal lymph nodes were infected in all cases, and in a few monkeys the paratracheal lymph nodes were also infected. No primary lesions were found in the trachea or bronchi. In three monkeys, there was evidence of anthrax pneumonia, but this was not considered primary.
Pathological changes noted in other organs as a result of anthrax infection included splenic and hepatic necrosis, adrenal hemorrhage and necrosis, ovarian hemorrhage, and meningitis. The renal glomeruli contained many bacilli, but the kidneys were otherwise normal.
Serological studies were conducted by George Wright, Immunology Branch, Fort Detrick, by use of a micromodification of the Ouchterlony double-diffusion technique. A total of 210 sera, 66 collected before exposure and 144 collected during or after exposure, were tested without demonstration of any antibody titers.
DISCussION
The overall fatality rate of 25.3% indicates the susceptibility of the cynomolgus monkey to naturally occurring, industrially produced aerosols containing Bacillus anthracis and attests to the feasibility of the experimental design. The objectives initially outlined have been partially attained. The clinical and pathological effects of chronic exposure are not dissimilar to those seen after acute exposure in laboratory experiments.
The pathogenesis of inhalation anthrax after chronic exposure is similar to that postulated after acute exposure of laboratory animals or of man naturally exposed, such as was seen in the Manchester, N.H., epidemic. The necropsy findings of mediastinal edema, mediastinal hemorrhagic lymphadenitis and necrosis, and pleural effusion, without tracheal or bronchial lesions and without primary anthrax pneumonia, support the concept that inhaled B. anthracis spores are carried to the mediastinal lymph nodes, where they germinate and produce toxin with development of toxemia and bacteremia. Additional evidence to support this concept is found in the necropsy data from the two sacrificed monkeys in the third run; tissues from these monkeys revealed B. anthracis-like organisms primarily in mediastinal lymph nodes. These animals were undoubtedly in the early stages of disease and presumably would have developed systemic disease and died, had the experiment not been terminated. Histological examination of the necropsy tissue from all monkeys that died of anthrax shows widespread dissemination of B. anthracis organisms.
The serological studies do not support the development of subclinical infection. Norman et al. (12) studied sera from 72 unvaccinated employees of a goat-hair mill and found 11 who had anthrax antibodies demonstrated by a precipitation inhibition test. Most of the positive reactions occurred among employees who worked in the dustiest part of the mill.
In discussing industrial anthrax, Brachman and Fekety (5) compared the length of employment in goat-hair processing mills of a group of employees who did not have a history of anthrax infection with the length of employment of employees with a history of previous anthrax infection; they found that the two curves were essentially parallel. This suggests that the length of employment did not influence the development of anthrax. They noted that some cases of cutaneous anthrax occurred in employees who had worked in these mills for 15 to 20 years. Their conclusion: "These workers do not develop subclinical infection or immunity to anthrax by prolonged exposure to the organism."
The studies with monkey sera may support these data; however, it is possible that the serological test employed was not sensitive enough to demonstrate antibodies actually present, that the antigen used was not specific for protective antibodies, or that the inhaled dose was too low to stimulate production of demonstrable antibodies. that the death on the 41st day was from exposure to the preceding week's aerosol, that is, from days 28 to 33, which would then indicate an incubation period for this particular death of from 8 to 12 days. The two deaths on successive days at the end of the 4th run (days 45 and 46) occurred 5 to 8 days after a peak exposure to 1,250 B. anthracisbearing particles. If this relationship is correct, then this exposure would be associated with a fatality rate of 8%. The other deaths in the third run and all deaths in the fourth run are harder to associate with specific periods of exposure.
If repeated low-dose exposure results in accumulation of B. anthracis organisms until a certain level is reached, after which disease develops, the comparison of the percentage of deaths and the accumulative dose at death should show a straight-line relationship until the critical level is reached, after which there should be a sharp upsurge in the percentage of deaths. As shown in Fig. 5 , this is not the case. Additionally, the data were examined to see whether the dose accumulated during specific periods preceding death, that is 7, 10, 12, or 15 days, would suggest an effect of accumulation of B. anthracis organisms. Such an analysis is presented in Fig. 6 , for which the particles inhaled during the 7 days preceding death are plotted against the day of death of each monkey. Again, the scattering of deaths over a wide range of calculated inhaled doses would tend to be against the theory of accumulation.
Analysis of these data does suggest a doseresponse relationship with exposure to approximately 1,000 B. anthracis-bearing particles over a 3-to 5-day period, resulting in a fatality rate of approximately 10%. When the exposure is from 3,500 to 5,500 B. anthracis-bearing particles over a 5-day period, the rate is from 20 to 25%. The prolonged incubation periods are un- doubtedly related to the low-dose exposure to B. anthracis. Exposure to more concentrated, pure aerosols is usually associated with incubation periods of from 3 to 7 days. Extrapolation of these data to man is difficult. One reason is that man samples a greater proportion of the contaminated mill air because his minute volume is 10 times that of the monkey. There is no reason to suspect any change in the type of goat hair processed or in the method of production from the years before immunization to the present. Thus, the aerosol produced during the three experimental runs is probably representative of the working situation in the picking area at the time when employees were not protected by the anthrax-protective antigen. The lack of cases of inhalation anthrax may therefore represent the lack of exposure to "peak" aerosols as defined above. Also, the monkeys were exposed to a maximal concentration of B. anthracis aerosol produced by the picking machine; people, however, are never exposed to the total aerosol produced, but only to a relatively small part of it while they work in the vicinity of the picking machine.
The 1957 epidemic of inhalation anthrax in Manchester, N.H., can possibly be explained by the exposure of the five susceptible individuals to a "peak" aerosol related to a specific batch of hair. In addition, the sporadic cases that have been reported unassociated with the goat-hair processing industry also may represent the chance exposure of susceptible individuals to a "peak" aerosol.
